We measured the photoelectron spectra of (KI) 2 − (H 2 O) n (n = 0-3) and conducted ab initio calculations on (KI) 2 − (H 2 O) n anions and their corresponding neutrals up to n = 6. Two types of spectral features are observed in the experimental spectra of (KI) 2 − (H 2 O) and (KI) 2 − (H 2 O) 2 , indicating that two types of isomers coexist, in which the high EBE feature corresponds to the hydrated chain-like (KI) 2 − while the low EBE feature corresponds to the hydrated pyramidal (KI) 2
−
. In (KI) 2 − (H 2 O) 3 , the (KI) 2 − unit prefers a pyramidal configuration, and one of the K-I distances is elongated significantly, thus a K atom is firstly separated out from the (KI) 2 − unit. As for the neutrals, the bare (KI) 2 has a rhombus structure, and the structures of (KI) 2 (H 2 O) n are evolved from the rhombus (KI) 2 unit by the addition of H 2 O. When the number of water molecules reaches 4, the K-I distances have significant increment and one of the I atoms prefers to leave the (KI) 2 unit. The comparison of (KI) 2 (H 2 O) n and (NaI) 2 (H 2 O) n indicates that it is slightly more difficult to pry apart (KI) 2 than (NaI) 2 via hydration, which is in agreement with the lower solubility of KI compared to that of NaI. 
I. INTRODUCTION
Dissolution of salts plays an important role in many processes in physical chemistry, atmospheric chemistry, biochemical, and biological systems. [1] [2] [3] The salt effects on water are strongly correlated to the much discussed Hofmeister series. [4] [5] [6] [7] [8] [9] [10] [11] The group IA cations are ordered as H + , Li 
, Cs
+ in the Hofmeister series according to their sizes and surface charge densities. 12 The ions on the left side of this series can be strongly hydrated due to their small sizes and high surface charge densities, whereas those on the right side can be weakly hydrated owing to their large sizes and low surface charge densities. 12, 13 The hydration of K + is crucial for understanding the salt effects on water in the Hofmeister series because it is believed that the switch from Na + to K + is a transition point between kosmotropes (structure makers) and chaotropes (structure breakers). In addition, it has been found that the hydration and dehydration processes are important in the transportation of K + ions through the cavity of the potassium ion channel in the cell membranes.
14 Thus, the solvation of K + and potassium salts has attracted great attention in the past decades.
Many theoretical studies were performed to investigate the solvation of K 16 were studied by theoretical calculations. The solvation structures of K + and other salt ions in aqueous solution were investigated with ab initio molecular dynamics. [17] [18] [19] [20] The charge-transfer-tosolvent (CTS) transitions of I − ion and K + I − contact ion pair in supercritical ammonia at 420 K were studied employing the Hartree-Fock (HF) method, Møller-Plesset second order perturbation theory (MP2), and single-excitation configuration interaction (CIS) method combining a molecular dynamics trajectory-sampling technique. 21 The hydrated potassium halides, such as KX(H 2 O) 1-6 (X = F, Cl, Br, I), were investigated with ab initio calculations. 22 In addition to the theoretical works, there were abundant experimental works. The hydration of K + in aqueous solutions was explored in the condensed phases with a variety of experimental techniques such as neutron diffraction, [23] [24] [25] extended X-ray absorption fine structure spectroscopy (EXAFS), 26 large angle X-ray scattering (LAXS), 27 soft X-ray emission spectroscopy, 28 X-ray diffraction, and Raman spectroscopy. 29, 30 The vibrational frequencies of M(H 2 O) complexes (M = Na, K, and Cs) were measured employing matrix-isolated infrared spectroscopy. 31 The hydration energies of (MX) m M + ions including KXK
− ) with up to four water molecules were investigated using electrospray ionization mass spectrometry and density functional theory calculations. 32 The hydration of K + and the other alkali-metal cations were studied in the gas phase via infrared photodissociation spectroscopy. [33] [34] [35] Previously, we conducted a photoelectron spectroscopy and theoretical study on the hydration of sodium iodide dimer. 36 In this work, in order to provide a comparison between sodium iodide dimer and potassium iodide dimer and to help understand why K + plays a different role in solutions and biological systems, we conducted a combined experimental and theoretical study on (KI) 2 − (H 2 O) n clusters and their corresponding neutrals by negative ion photoelectron spectroscopy and ab initio calculations.
II. EXPERIMENTAL AND THEORETICAL METHODS

A. Experimental methods
The experiments were carried out using a home-built apparatus consisting of a time-of-flight (TOF) mass spectrometer and a magnetic-bottle photoelectron spectrometer, which has been described elsewhere. 37 In the experiment, a rotating and translating KI disk target was ablated by the second harmonic (532 nm) light pulses from a Nd:YAG laser, while helium carrier gas with ∼4 atm backing pressure seeded with water vapor was allowed to expand through a pulsed valve to generate and cool the hydrated potassium iodide clusters. The tron spectra were calibrated with the spectra of Cs − and Bi − taken at similar conditions. The instrumental resolution was approximately 40 meV for electrons with 1 eV kinetic energy.
B. Theoretical methods
The theoretical calculations were conducted using the Gaussian 09 program package. 38 The geometries of (KI) 2 − (H 2 O) n and their neutrals were fully optimized using density functional theory (DFT) in the context of LC-ωPBE (a long-range corrected hybrid functional). [39] [40] [41] The typical low-lying structures of (KI) 2 − (H 2 O) 1-6 clusters were further optimized using the second-order Møller-Plesset (MP2) [42] [43] [44] [45] method. The Pople's all-electron basis set 6-311++G(d, p) was used for the K, O, and H atoms. The ab initio effective core potential (ECP) basis set LANL2DZdp 46 obtained from the EMSL basis set library 47 was used for the I atoms. The optimized structures were confirmed to be real minima by calculations of their second derivatives. The theoretical vertical detachment energies (VDEs) were obtained as the energy differences between the neutrals and anions both at the geometries of the anions. The theoretical adiabatic detachment energies (ADEs) were calculated as the energy differences between the neutrals and anions with the neutrals relaxed to the nearest local minima from the geometries of the anions. To get more accurate energetic information, we performed single-point energy calculations
Comparison of the theoretical VDEs of the most stable isomers of (KI) 2 − (H 2 O) n (n = 0-6) with the experimental VDEs.
for the (KI) 2 −/0 (H 2 O) 0-6 clusters with high-level ab initio CCSD(T) 48, 49 method at LC-ωPBE optimal geometries using the def2-TZVPP basis set 50 from the EMSL basis set library for I atoms. Additionally, to better understand the interactions between cations, anions, and water, the bonding and electronic properties were also explored using the atoms-in-molecules (AIM) approach, 51, 52 and a visual study performed by calculating the reduced density gradient (RDG). 53 The AIM and RDG were analysed by using the Multiwfn program. Figure 1 shows the photoelectron spectra of (KI) 2 − (H 2 O) n (n = 0-3) clusters measured with 532 nm photons. The VDEs and ADEs of these clusters measured from their spectra are summarized in Table I . We were not able to obtain the photoelectron spectra of (KI) 2 − (H 2 O) n with n > 3 due to the low ion intensities of (KI) 2 − (H 2 O) n and the overlap of the mass peaks with impurities.
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III. EXPERIMENTAL RESULTS
Only one major peak centered at about 1.37 eV is observed in the spectrum of (KI) 2 − , consistent with the previous reports. 55, 56 The spectrum of (KI) 2 − (H 2 O) has a weak peak (X ′ ) centered at ∼0.93 eV and a major peak (X) at 1.28 eV. These two bands may be contributed by two types of isomers, respectively. The spectrum of (KI) 2 − (H 2 O) 2 has also two peaks centered at ∼0.72 (X ′ ) and 1.22 eV (X), respectively. The relative intensity of the X ′ peak versus X peak increases when the number of water molecules increases from one to two, indicating that the relative ion intensity of the isomer contributing to the X ′ peak increases. The spectrum of
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Li et al. 3 shows only one broad feature (X ′ ) centered at about 0.82 eV, and the X peak at the higher binding energy side becomes almost unrecognizable, suggesting that the isomer corresponding to the X peak is much less populated. The change of VDEs versus n is summarized and compared with that of theoretical VDEs in Figure 2 . It can be seen that the VDE of the X peak decreases when n increases from 0 to 2. The VDE of the X ′ peak drops at n = 2, then rises up at n = 3.
IV. THEORETICAL RESULTS AND DISCUSSION
A. Structures of (KI) 2 − (H 2 O) n and (KI) 2 (H 2 O) n (n = 0-6)
The structures of the typical low-lying isomers of (KI) 2 − (H 2 O) n optimized with the MP2 method are presented in Figures 3 and 4 , and those of the neutral clusters are shown in Figures 5 and 6 . The theoretical relative energies and VDEs of these low-lying isomers are listed in Table II . It is worth mentioning that, in Figure 2 , the theoretical VDEs calculated at different levels of theory are in good agreement with the experimental values.
The geometry optimizations at the MP2 level of theory show that the global minimum of (KI) 2 − (0A) is in 2 A ′ state and has a C s symmetry chain structure with a ∠KIK angle of 153.2
• . We further optimized the structure of (KI) 2 − with the CCSD method and found that the structure is same as that obtained with the MP2 method, indicating the structure optimized with the MP2 method is reliable. The theoretical VDE of (KI) 2 − is calculated to be 1.28 eV with both MP2 and CCSD methods, close to the experimental value of 1.37 eV measured in this work. Isomer 0B is higher than 0A by 0.17 eV and it is a ring structure with C 2v symmetry and 2 A ′ state. The calculated VDE of 0B is 0.26 eV, much different from the experiment measurement. Therefore, isomer 0A is the one detected in the experiment. For (KI) 2 neutral, the most stable structure 0A
′ is a rhombus with D 2h symmetry and the K-I distance is calculated to be 3.34 Å with both MP2
FIG. 4. Typical low-lying isomers of
and CCSD methods, in agreement with previous theoretical calculations. 56 The most stable structure of (KI) 2 − (H 2 O) was formed via the chain shaped (KI) 2 − attaching one water molecule by K1-O and I1-H interactions. The K1-I1 distance is longer than that in bare (KI) 2 − by 0.17 Å. The calculated VDE (1.23 eV) with the MP2 method agrees well with the experimental VDE (1.28 eV) of the second peak (X). We note that (KI) 2 − attaching one water molecule brings a lower VDE, the phenomenon has also be found in (NaI) 2 − (H 2 O) n 36 and may be explained by the similar reason. Isomer 1B is higher in energy than isomer 1A by only 0.04 eV. In isomer 1B, the K1-I2-K2 is bent with a ∠K1I2K2 angle of 81.2
• , the water molecule interacts with both K1 and K2 atoms via its O atom, and one of its H atoms forms a hydrogen bond with I1. The calculated VDE of 1B is 0.81 eV at the MP2 level, close to the experimental VDE of the X ′ peak (0.93 eV) in our experiment. Thus, isomer 1B mainly contributes to the weak X ′ peak. For the neutral (KI) 2 (H 2 O), the first two low-lying isomers are derived from the rhombus (KI) 2 (0A ′ − can be considered approximately as a pyramid-shaped unit with two water molecules interacting with I2 via H atoms and interacting with the adjacent K atoms via their O atoms. The theoretical VDE of isomer 2B is calculated to be 0.60 eV, close to the VDE of the X ′ peak in the experimental spectrum. Isomer 2C is higher in energy than the most stable isomer by only 0.004 eV. The calculated VDE of the isomer 1.22 eV is also in agreement with the experimental VDE of the X peak (1.22 eV). In isomer 2D, the (KI) 2 − unit has a quasilinear structure with two water molecules inserting between K1 and I1, with the K1-I1 distance increasing to 4.82 Å. The calculated VDE of 2D is 1.29 eV, consistent with the experimental VDE of the X peak (1.22 eV) in the experimental spectrum. Therefore, the X peak in the experimental spectrum should be contributed by the chain structures such as isomers 2A, 2C, and 2D, whereas the X ′ peak is contributed by isomer 2B. For the neutrals, Figure 5 shows three isomers derived from the rhombus structure of (KI) 2 3 , isomer 3A has a C s symmetry with a pyramid-shaped (KI) 2 − framework, with each I atom of the (KI) 2 − unit interacting with two H atoms of two water molecules and the K atoms interacting with the adjacent oxygen atoms. The calculated VDE of 3A is 0.79 eV, in good agreement with the X ′ peak (0.83 eV) in the experimental spectrum. Isomer 3B is higher in energy than 3A by 0.06 eV. It has a chain-shaped (KI) 2 − unit and three water molecules sitting between I1 and K1 with the H atom of water interacting with I1 atom and the O atoms of water connecting with K1. The calculated VDE of isomer 3B is 1.20 eV. From Figure 1 , it can be seen that the spectrum of (KI) 2 − (H 2 O) 3 has a very broad peak in the range of ∼0.60-1.35 eV. So isomer 3B probably contributes to the higher energy part in the spectrum of (KI) 2 − (H 2 O) 3 . As for the neutrals, the most stable isomer 3A ′ is formed by attaching three water molecules to the K1-I1, K1-I2, and K2-I2 edges of the quadrilateral (KI) 2 unit, respectively. In isomer 3B ′ , one water molecule interacts with K2-I1 and the other two water molecules sit between I1-K2.
For (KI) 2 − (H 2 O) 4 , the most stable isomer 4A has a pyramid-shaped (KI) 2 − unit and has a C s symmetry. It is formed by attaching an additional water molecule to 3A with K2-O interaction, and the water forms a hydrogen bond with I1 and I2, respectively. The calculated VDE is 0.86 eV at the MP2 level. Isomer 4B is higher in energy than 4A by 0.13 eV with three water molecules sitting between K1 and I1 and the fourth water molecule forming hydrogen bonds with the adjacent water via its O atom and one H atom. For the neutral isomers, in isomer 4A ′ , four water molecules sit between I2 atom and K 2 unit. The K1 · · · I2 and K2 · · · I2 distances increase abruptly to 4.85 Å due to the interactions with water; whereas the K1 · · · I2 and K2 · · · I2 distances at another side without water molecules are 3.38 Å, almost unchanged compared with those in bare (KI) 2 unit. Isomer 4B ′ is higher in energy than 4A ′ by 0.05 eV. It has four water molecules interacting with the four edges of (KI) 2 rhombus, respectively.
For (KI) 2 − (H 2 O) 5 , three low-lying isomers are found. Isomer 5A is derived from 4A with the fifth water molecule interacting with K1 and I1 via its O atom and one H atom, respectively, and forming a water-water H-bonding with the adjacent water. The calculated VDE of 5A is 0.89 eV at the TABLE II. Relative energies of the low energy isomers of (KI) 2 − (H 2 O) n (n = 0-6) as well as the comparison of their theoretical VDEs to the experimental VDEs. The 6-311++G** basis set was used for K, O, and H atoms, and the LANL2DZdp ECP basis set was used for iodine atom at LC-ωPBE and MP2 level, whereas the def2-TZVPP basis set was used for iodine atom at CCSD(T) level. 6 , the most stable structure 6A is formed by two water molecules attaching to 4A with I1-H and K1-O interactions. The two additional water molecules form two water-water hydrogen bonds via interacting with the adjacent water. Isomer 6B is also derived from 4A and only higher than 6A in energy by 0.01 eV. In isomer 6B, the fifth water was attached to 4A via I1-H and K1-O interactions and then the sixth water was added via forming hydrogen bonds with the adjacent two water molecules. The calculated VDEs of both 6A and 6B are 0.87 eV at the MP2 level. As for the neutrals of (KI) 2 (H 2 O) 6 , two isomers almost degenerate in energy (6A ′ and 6B ′ ) are found. In isomer 6A ′ , four water molecules sit between I2 and K 2 unit and the other two water molecules sit between I1 and K1. The K1-I2 and K2-I2 distances are 4.77 and 4.68 Å respectively, and the K1-I1 and K2-I1 distances are 3.67 Å and 3.49 Å respectively. Isomer 6B ′ is derived from 4A ′ with the additional two water molecules sitting between K1-I1 and K2-I1, respectively.
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B. Ion separation in (KI) 2 − (H 2 O) n and (KI) 2 (H 2 O) n
In the most stable structure of bare (KI) 2 − , the I1-K1, I2-K1, and I2-K2 distances are 3.27, 3.37, and 3.42 Å respectively. The I1-K1 distance increases slightly by 0.17 and 0. 45 
When the number of water molecules increase to three, the distances between the K atom at apex and the two I atoms in the pyramid-shaped structures are both 5.32 Å, and have a significant elongation comparing with the K-I distances of the bare (KI) 2 − , indicating that the apex K atom is separated out from the pyramid-shaped (KI) 2 − unit. For the neutrals, the K1-I2 and K2-I2 distances increased to 4.86 Å as the number of water molecules increases to 4, indicating that one I − ion can be first separated out from the (KI) 2 unit by 4 water molecules.
The natural populations analysis (NPA) shows that the NPA charge on K2 in neutral (KI) 2 (H 2 O) n is in the range of +0.966 to +0.985 e, whereas that on K2 in the corresponding anion (KI) 2 − (H 2 O) n is from −0.036 to −0.021 e. This indicates that the excess electron of (KI) 2 − (H 2 O) n is mainly localized on K2. In order to show clearly the variation of electron density, we also analyzed electron density differences between the anions and their corresponding neutrals using Multiwfn software. The electron density difference isosurfaces were produced by subtracting the electron densities of neutrals from those of anions (Figure 7) . It can be seen that there are high local blue regions near K2, indicating that the electron 7 . Electron density differences between the most stable isomers of (KI) 2 − (H 2 O) n (n = 0-6) clusters and their corresponding neutrals at the anionic structures. The blue isosurfaces (isovalue = 0.0011 a.u.) correspond to electron density increase while the light green isosurfaces (isovalue = 0.0011a.u.) correspond to electron density decrease.
densities of these regions are increased, which is in agreement with the NPA analyses. The excess electron on K2 weakens the interactions between K2 and I atoms, in agreement with the separation of K2 atom from the other part of (KI) 2 − unit by water in (KI) 2 − (H 2 O) 3 .
C. Interaction analyses
We conducted reduced density gradient (RDG) analysis for (KI) 2 With the aim of comparison, we also analyzed the bonding and electronic properties of (KI) 2 − (H 2 O) n clusters with the quantum theory of atoms in molecules (QTAIM) techniques, and obtained the electron density (ρ) at the (3, −1) bond critical points (BCP), the sign of its Laplacian (∇ 2 ρ), and total energy density (H). At the BCP, the K + -I − , H-I, O-K, and O-H bonds have a low ρ (<0.015 a.u.), positive ∇ 2 ρ ( 0.023 a.u.), and H density ( 0.001 a.u.) (see Table S3 and Figure S5 in the supplementary material), indicating the interactions are dominated by the concentrated charge in the separated atomic basins rather than that in the internuclear The most stable structure of bare (KI) 2 − has a chain structure with a ∠KIK angle of 153.2
• , which is larger than the corresponding ∠NaINa angle in (NaI) 2 − (122.5 • ). 36 This probably is because the excess electron is more delocalized in (KI) 2 − than that in (NaI) 2 − and the attraction of I1-K2 is weaker. The most stable structures of both (KI) 2 − (H 2 O) and (NaI) 2 − (H 2 O) can be considered as deriving from the corresponding bare (MI) 2 − (M = K, Na) via M-O and I-H interactions. For the most stable structure of (KI) 2 − (H 2 O) 2 , the K1-I1 distance is longer than that in bare (KI) 2 − by 0.45 Å, significantly less than the increasing of the corresponding Na1-I1 distance (1.76 Å) in (NaI) 2 − (H 2 O) 2 . 36 In the most stable structure of (KI) 2 − (H 2 O) 3 , the (KI) 2 − unit shows a pyramid-shaped framework (Figure 3) , while in the most stable structure of (NaI) 2 − (H 2 O) n , the (NaI) 2 − unit remains as an L shape like that in (NaI) 2 − (H 2 O) n (n = 1, 2). 36 For the larger (KI) 2 − (H 2 O) n and (NaI) 2 − (H 2 O) n clusters with n = 4-6, the most stable structures of them have pyramidshaped framework of (MI) 2 − and similar interactions between M + -I − , cation-water, anion-water, and water-water. From Figure 9 (a), in (KI) 2 − (H 2 O) n , the K-I distances have a significant elongation when the number of water molecules increased to 3 in (KI) 2 − (H 2 O) n ; however, in (NaI) 2
the abrupt increase of Na-I distance occurs at n = 2. This reveals that the Na + is more easily to be separated than K + . Comparison of the neutral (KI) 2 (H 2 O) n and (NaI) 2 (H 2 O) n clusters shows that they have similar structure characteristic. Both of them have a ring (MI) 2 unit and similar (MI) 2 -water interactions at n ≤ 3. Figure 9 (b) shows that one of the M-I distances increases abruptly and an I − is first separated from the other part of the (MI) 2 unit when the number of water molecules reaches 4 in both (KI) 2 (H 2 O) n and (NaI) 2 (H 2 O) n . Additionally, it is noteworthy that, in Figure 9 (b), the K-I distances of (KI) 2 (H 2 O) n at n = 4-6 are elongated less significantly by the water molecules (smaller d M-I /d MI 0 ) than the Na-I distances of (NaI) 2 (H 2 O) n , which is in agreement with what is observed for their anionic counterparts. There might be a few reasons for that. First, the K-I bond strength (325.1 kJ/mol) is stronger than the Na-I bond strength (304.2 kJ/mol). The second is that Na + has smaller size and higher surface charge density, so that the hydration of Na + is stronger than that of K + . The third is that the size of K + is closer to that of I − comparing to that between Na + and I − , and the similar sizes between K + and I − make them have similar water affinities; therefore, the K + -I − pair is more difficult to be separated. This is consistent with the proposed law of matching water affinities reported by Collins, 8, 13 that is to say that ionic radius close to each other prefers to form ion pairs. 
V. CONCLUSIONS
We measured the photoelectron spectra of (KI) 2 − (H 2 O) n (n = 0-3) and conducted ab initio calculations on (KI) 2 − (H 2 O) n anions and their corresponding neutrals up to n = 6. The bare (KI) 2 − has a chain shaped structure with a ∠KIK angle of 153.2
• . In addition to the chain-shaped (KI) 2 unit, the pyramid-shaped (KI) 2 3 , the K-I distances have a rapid elongation and a K atom is first separated out from the pyramid-shaped (KI) 2 − unit. As for the neutrals, the bare (KI) 2 has a rhombus structure, and the structures of (KI) 2 (H 2 O) n are evolved from the rhombus (KI) 2 unit. At n = 4, the K-I distances have significant increment and one of the I atoms prefers to leave the (KI) 2 The comparison of (KI) 2 (H 2 O) n and (NaI) 2 (H 2 O) n indicates that it is slightly more difficult to pry apart (KI) 2 than (NaI) 2 via hydration, which is in agreement with the lower solubility of KI compared to that of NaI.
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